Abstract Organ transplantation is the only viable treatment for several end-stage organ failures. However, chronic rejection prevents long-term graft survival. Traditionally, this rejection was attributed to the development of alloimmunity in transplant patients. However, recent evidence suggests that autoimmunity plays a larger role in chronic rejection of certain organ transplants, than alloimmunity. In this review, we will focus on the history of autoimmunity in solid organ transplantation and look at the collagen type V, Kα1 tubulin, vimentin, cardiac myosin, and heat shock proteins as classical examples of autoantigens in organ transplantation. We will also look at some of the recent reports looking at the mechanisms of autoimmunity and try to provide answers to some of the age-old questions in autoimmunity.
Introduction
Solid organ transplantation remains the only viable option for end-stage organ pathology. Advancement in surgical procedures, administration of immunosuppressants, and careful patient monitoring have all greatly controlled acute rejection episodes. However, the long-term survival of solid organs is hampered by the development of chronic rejection.
Lung transplantation is a therapy for several chronic lung diseases such as chronic obstructive pulmonary diseases (COPD), idiopathic pulmonary fibrosis (IPF), and cystic fibrosis (CF). In lung transplantation, chronic rejection manifests as obliterative bronchiolitis (OB). Since the diagnosis of OB is difficult without histology, it is clinically defined as bronchiolitis obliterans syndrome (BOS). BOS is diagnosed as a sustained drop in forced expiratory volume in 1 s (FEV 1 ) to 66-80 % (BOS1), 65-51 % (BOS2), or below 50 % (BOS3) [1] . Even with the advances in surgical sciences, bronchiolitis obliterans remains a major obstacle to long-term lung transplant survival in patients. The 5-year survival rate for lung transplant is low at about 50 %, with BOS, graft failure, and infections being the major causes of death [2] .
For all (adult and pediatric) cardiac transplants, the 5-year survival rate is at 69 % much higher than lung transplants. But, similar to lung transplants, graft failure due to acute and chronic rejection remains the biggest cause of heart rejection following cardiac transplantation [3] .
Autoimmunity is defined as an immune response against any self-antigen. It may be cell-or antibody-mediated. Several autoimmune diseases and their target autoantigens have been documented such as Goodpasture's disease (Collagen Type IV), myasthenia gravis (acetylcholine receptor), multiple sclerosis (MOG, PLP, and MBP), type 1 diabetes (GAD and insulin) and rheumatoid arthritis (Collagen Type II and Fc). Historically, organ rejection has been attributed to the This article is part of the Topical Collection on Immunology development of alloimmunity, i.e., T cells targeted against the donor HLA, along with B cells producing donor-specific anti-HLA antibodies, ultimately leading to graft loss. However, recent evidence supports the notion that autoimmunity does indeed play an active role in chronic rejection.
In this review, we will discuss the role that autoantigens play in the development and progression of chronic rejection in solid organ transplants. We will also explore some of the hypotheses behind the development of autoimmunity and raise some interesting questions on the role of autoimmunity in transplantation and immunology as a whole.
Autoantigens in Transplantation
Some of the well-studied autoantigens in transplantation include collagen type V (ColV), Kα1 tubulin, vimentin, cardiac myosin, and heat shock proteins (Hsps) among others. One important consideration in transplant autoimmunity is the fact that some of these proteins under normal circumstances remain sequestered from the immune system. It can be hypothesized that under normal circumstances, some of these proteins are exposed only after a trauma but are subsequently controlled by the immune system and sequestered to prevent long-term exposure. Thus, these can be termed as sentinel antigens left sequestered after activation (SALSAAs).
ColV [4] and Kα1 tubulin [5] (also known as tubulinA1B) are the two most important autoantigens implicated in lung transplantation. ColV is a minor fibrillar collagen embedded within the major collagen type I (ColI), the mature collagen fibril. It is thus sequestered from the immune system during normal growth and development [6, 7] . ColV is present as a heterotrimer consisting of one α2 chain and two α1chains in the peribronchial and the perivascular regions in the lung tissue [8] [9] [10] . The N-terminal non-collagenous region of the ColV α1chain containing the variable and PARP domains protrudes from the mature fibrils in tissues, but the collagenous region remains buried within the fibrils. Yet, most of the immune response against ColV is directed toward its sequestered collagenous region. Within the lung tissue, ColV is normally not accessible to antibodies used for immunostaining; however, its presence can be revealed by partial digestion [6, 11] or by ischemia/reperfusion injury, as in a lung isograft [12] . ColV can also be found on the surface of bronchial epithelial cells under certain conditions [13] . Similar to ColV, Kα1 tubulin is a sequestered antigen remaining within the cell or within the gap junction. It is also known to interact with other proteins present in the gap junctions [14] . It is~50 kDa and is found both within and on the surface of lung epithelial cells.
The three well-studied autoantigens in cardiac and kidney transplants are cardiac myosin, vimentin, and Hsps. Cardiac myosin is the major contractile protein essential for the proper functioning of the heart [15] . Vimentin is a member of the intermediate filament family that is important in maintaining several cytosolic organelles and also important in other functions of both eukaryotic and prokaryotic cells [16] . Vimentin usually remains sequestered within the cell; however, it can be secreted into the matrix under inflammatory conditions [17] . Hsps were identified several years ago as chaperone proteins important in proper folding and expression of proteins. Recently, a new role for Hsps in the immune system has emerged [18] including their role in transplantation.
In this review, we will focus on the history of these five autoantigens-ColV, Kα1 tubulin, vimentin, cardiac myosin, and Hsp65 in transplantation. We will also discuss some of the recent developments in this field and provide an interesting approach to look at autoimmunity.
Collagen Type V in Lung Transplantation
The earliest evidence for the involvement of ColV reactivity in lung transplants patients came during the 1990s. David Wilkes' lab demonstrated an increased IgG2/IgG1 ratio in the brochoalveolar lavage (BAL) of lung allograft recipients undergoing acute rejection along with up-regulated T h 1 cell activity [19] . This was further recapitulated in a murine lung graft versus host (GVH) model, by instilling allogeneic BAL samples into the lungs of recipient mice. Interestingly, IgG2a deposition was seen in the perivascular and peribronchiolar tissues [20] .
During the early stages of understanding ColV reactivity in lung transplantation, it was discovered that ColV could actually be used to down-regulate acute rejection episodes. In order to demonstrate this, the authors used the same model of introducing allogeneic BAL cells into the lungs of mice, which results in an acute GVH reaction, with local production of tumor necrosis factor α (TNFα). However, if ColV was instilled into the lungs before the introduction of allogeneic cells, GVH as well as the levels of TNFα were down-regulated, hinting toward a role of ColV in lung transplantation [21] .
In order to substantiate these results, a rat lung allograft model was used. WKY rats (RT1) were orally fed ColV before receiving an F344 (RT1 lv1 ) lung allograft. Animals that received control (Col II) pre-treatment developed severe acute rejection and pulmonary fibrosis. Rats that were orally treated with ColV showed decreased acute rejection pathology as well as significantly delayed development of chronic OB lesions within the allograft. The authors attributed this to a global increase in transforming growth factor β (TGFβ) levels seen in mice tolerized with ColV [22, 23] .
It was in 2002 that the first concrete evidence for the role of ColV reactivity in lung allograft rejection was published [24] . ColV peptides were detected in the BAL fluid of rats receiving either an allograft or an isograft but not in BAL of normal lungs. Two ColV-reactive T cell lines, namely, LT1 and LT3, were obtained from allografts and adoptively transferred into animals receiving isografts. Surprisingly, LT1 induced pathology in the isograft and also broke tolerance to an allograft that was induced orally by ColV treatment as previously described. This led to the idea that maybe alloimmunity was not needed for the induction of lung immune damage but that ColV reactivity alone could determine tolerance or rejection in lung transplants [24] .
Yoshida et al. further studied the idea that autoimmunity was a player in chronic rejection and was independent of alloimmunity [12] . Immunohistochemistry staining revealed that while the native right lung showed no/low expression of ColV, ColV could easily be detected in healed left lung isografts several days after transplantation; there was more localized but still substantial expression of ColV detectable around bronchioles on day 30. The authors then transferred ColV or hen egg lysozyme (HEL)-specific lymphocytes into rats receiving an isograft, either at day 5 or at day 30 after transplantation. Only the animals receiving ColV-reactive lymphocytes, but not HEL reactive lymphocytes, showed signs of rejection-like pathology, irrespective of whether the cells were introduced on day 0 or day 30 after transplantation, while the native lung remained completely unaffected. This report was also one of the early reports hinting at a role of interleukin 17 (IL17) in ColV reactivity, as IL17 messenger RNA (mRNA) transcripts could be detected in fresh isografts as well as in the lymph node cells obtained from rats that were immunized with ColV [12] .
The authors thus demonstrated that ischemia-reperfusion injury (IRI) by itself was sufficient to induce sensitivity and subsequent damage due to ColV reactivity without the presence of alloimmunity. They hypothesized that the IRI, caused as a result of surgery, leads to the release of ColV or ColV antigenic fragments into the local environment of the graft. Over time, these persist and give rise to ColV reactivity [12] , either in the context of reactivity to alloantigens also present on the transplant that could lead to chronic rejection or in the context of a pre-existing immunity to ColV, which could result in acute rejection pathology indistinguishable from alloimmune rejection.
In 2007, the first definitive report implicating CD4 + T h 17 cells in the development of ColV autoreactivity in lung transplant patients was published [4] . In contrast to the response to the recall antigen, tetanus toxoid (TT), which was dependent on CD4 + T h 1 cells making interferon γ (IFNγ), the ColV response was IFNγ independent but highly dependent on IL17, IL1β, and TNFα [4, 25] . Some other reports have also demonstrated an IFNγ response against self-antigens, including ColV; however, the role of IFNγ, if any, remains controversial [26] . More importantly, the presence of ColV autoreactivity was strongly associated (H.R.=9.8, p<0.04) with the development of severe BOS (grades 2-3), suggesting that ColV autoimmunity plays a role in chronic rejection in lung transplant recipients [4] . This report supported the previously described phenomenon that in vivo neutralization of IL1β or TNFα decreased the obliterative disease in tracheal allografts in mice [27] . The role of ColV in lung allograft rejection was also supported using a rat lung transplant model. Co-transfer of ColV-specific T effector (T eff ) cells and T regulatory (T reg ) cells actually reduced the rejection seen in rat isograft lung transplants [12, 25] , while the transfer of ColV-specific but not HEL-specific lymph node cells into WKY rat lung isograft recipients reproduced the histopathology of obliterative bronchiolitis in the absence of alloimmunity [4] .
Antibodies to ColV have also been detected in the serum of lung transplant patients. Pre-transplant antibodies to ColV were significantly correlated with development of primary graft dysfunction (PGD) immediately post-transplant and subsequently with BOS [28] [29] [30] . Antibodies to the α1chain of the ColV molecule have also been detected in the BAL fluid from lung transplant patients, as well as in the murine orthotropic lung transplant model [31] + T h responses against ColV [32] . Moreover, ColV is overexpressed in and around the fibrotic lesions in patient samples as well as in the murine OB model [13] . Increase in IL17 levels in airway epithelial cells (AECs) induces an overexpression of the α1chain of the ColV molecule as well as down-regulates complement regulatory proteins (CRPs), all of which ultimately lead to the development of OB and chronic rejection [13, 33] . Interestingly, there is a feedback loop between complement component C3a and IL17. Increased C3a due to decreased CRPs increases IL17 production in response to ColV [33] .
Recently, the ColV reactivity in lung transplant patients was found to have a DR bias. In a cohort of pre-lungtransplant patients, who were ColV reactive, 53 % were found to have HLA-DR1501 (DR15) haplotype. But, post-lung transplant, HLA-DR0101 (DR1) and HLA-DR0301 (DR17) but not DR15 were enriched within the ColV-reactive population. However, post-lung transplant, patients receiving a DR15 donor were found to be at a higher risk for BOS development [34•] . The mechanistic basis for this unusual finding will be discussed below.
Additionally, it has been shown that the T and B cell responses against ColV were actually directed against the α1chain of the molecule [35, 36, 37••] . Subsequently, peptides/potential epitopes of the ColV α1chain were identified (Table 1) . It is interesting to note that only two peptides were found to bind HLA-DQ alleles, but the same two peptides bound the strongest to the mouse class II, I-A (b) [34•] .
More recently, T h 17 responses have been found to be dependent on an ATP-gated ion channel, namely, the P2X7 receptor (P2X7R). Both the ColV and the ColV peptide response were dependent on P2X7R. Importantly, this receptor has non-redundant functions on both T cells and monocytes, P2X7Rs of both being required for the ColV response [38••] . ColV or ColV peptides both induced IL1β and TNFα in monocytes within the whole peripheral blood monoculear cell (PBMC) population after overnight stimulation. But, with isolated monocyte populations, only ColV but not synthetic ColV α1 peptides could induce IL1β and TNFα within the cells. This finding suggests that while ColV peptides can trigger T cells in whole PBMC to activate the monocytes, only ColV with all its tertiary structure and post-translational modifications [39•] can provide a damage-associated molecular pattern (DAMP) recognized by isolated monocytes [38••] . In addition to P2X7R, we have also found a striking difference in the role of leukocyte-associated immunoglobulin-like receptor 1 (LAIR1) in ColV responses [40] . In the current literature, which stems from in vitro data, LAIR1 is known to induce a potent inhibitory signal in cells [41] . However, our in vivo data suggest that LAIR1 might actually be required for mounting a T h 17-based immune response (Agashe et al. 2015 unpublished data/manuscript in preparation).
Besides its critical role in the chronic rejection of lung transplant rejection, ColV is also important in other pathology types such as PGD, bleomycin-induced pulmonary fibrosis, and atherosclerosis.
PGD is the most common early post-transplant complication following lung transplantation. Patients with PGD have an overall increased level of cytokines, and several studies have shown that PGD is associated with the development of BOS and thus negatively related to long-term graft survival [42] [43] [44] [45] . Two papers in 2008 established the role of ColV in PGD. Bobadilla et al. [46] showed that 55 % of the lung transplant patients who demonstrated ColV reactivity pretransplant developed PGD as compared to 21 % of ColV non-responders. Poor graft function was significant at 6, 24, and 72-h post-transplant. Similar results were also seen in a rat lung transplant model. Rats immunized with ColV pretransplant had lower lung function and an increased infiltration of mononuclear cells into the transplanted graft. It is, however, interesting to note that ColV-associated damage was only seen in the transplanted lung and not the native lung [47] . In addition to cellular immunity against ColV, humoral immunity has also been found to be important in PGD. Serum or splenic B cells from ColV-immunized rats could also induce pathology in rat lung isografts. Additionally, ColV antibodies were found to spike in patients with PGD and could be detected within 24-h post-transplant [47] . It is interesting to note that these antibodies were detected very early and possibly hint toward the existence of preformed ColV-specific B memory cells.
Similar to the results seen in lung patients, ColV response was also detected in patients with coronary artery disease (CAD). This response was dependent on CD4 + T h cells, along with IL17, IL22, IL1β, and TNFα. Similar results were also obtained in a murine model of atherosclerosis using ApoE −/− mice fed a high-fat diet, and sensitization of mice with ColV exacerbated the disease [35] . Interestingly, ApoE −/− mice fed normal chow developed an IL10-regulated response to ColV, suggesting the existence of natural control mechanisms at work to contain this response.
In the bleomycin-induced pulmonary fibrosis model, pretreatment of mice with ColV before bleomycin instillation reduced inflammation and the number of lymphocytes in the BAL specimen, along with a reduction in the number of lesions in the organ [48] .
Kα1 tubulin in Lung Transplantation
Research in the field of Kα1 tubulin autoimmunity has its roots in the search for de novo donor-specific antibodies (DSAs) in patients with BOS. Most of the patients who develop chronic rejection also develop DSAs; however, many lung transplant patients with BOS did not demonstrate DSA. Such patients, however, had antibodies to non-HLA epithelial cells [5] . This suggested additional players in the development of BOS. Support for this came from animal model studies. The transfer of ColV immune serum into lung isograft recipients induced complement-mediated cytotoxicity on epithelial cells [47] . When serum from patients with BOS was incubated with AECs, antibodies were found to bind preferentially to a protein on/in these cells. Further analysis of this binding identified the protein to be Kα1 tubulin [5] . The authors subsequently showed that binding of these antibodies leads to the upregulation of growth factors such as epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), and endothelin-1 (ET-1). All of these led to the fibroproliferation and subsequent The peptides bound by DR1 and DR15 and the DR17 and DR15-associated DQ alleles DQ2 (DQA1*0501: DQB1*0201) and DQ6 (DQA1*0102: DQB1*0602) and by the HLA-DQ homologue in B6 mice, I-A(b), are also shown. No peptides were found to bind to DR17 [34•] BOS [30, 49] . Similar to ColV, pre-transplant antibodies to Kα1 tubulin are also a risk factor for PGD as well as BOS post-transplant [28, 29] . The up-regulation in these growth factors was mediated by the induction of HIF-1-α, through the MAP kinase pathway [50] . Kα1 tubulin usually remains sequestered within the cell or within the gap junction. Similar to ColV, Kα1 tubulin has also been found within the lung tissue following lung transplantation (Dr. Mohanakumar, personal communication).
Vimentin in Cardiac and Kidney Transplantation
Anti-vimentin antibodies were found in patients following cardiac transplantation [51] . Subsequently, reports have shown the development of anti-vimentin antibodies in nonhuman primate cardiac allograft recipients. The authors failed to conclusively prove a link between anti-vimentin antibodies and the development of cardiac allograft vasculopathy (CAV) in these recipients [52] . However, reports have also shown an autoimmune response against vimentin in two murine models of CAV, which leads to an accelerated progression of CAVand subsequent rejection in these models. The recipient mice were immunized with vimentin and then transplanted with a minor mismatch cardiac allograft. The authors have demonstrated increased occlusion in the cardiac vessels and increased C3d deposition in the allograft. Interestingly, the authors did not see any such effect when isografts were used in place of allografts [53, 54] . This difference in heart and lung isografts is intriguing. ColV reactivity eventually leads to the rejection of the isograft; however, vimentin reactivity did not. One line of hypothesis could be that lung tissue is continuously in contact with the outside environment, whereas the heart is not. The additional stress imposed by this could potentiate the ColV responses, and this, together with the anti-vimentin response, could possibly explain these differences. Vimentin-reactive CD8 + T cells have been demonstrated in patients after cardiac transplantation [55] . Renal transplant patients with graft failures also demonstrated anti-vimentin antibodies, before and at the time of graft failure [56] . Additionally, anti-vimentin antibodies have been found in nonhuman primate kidney transplants [57] .
In contrast to anti-vimentin antibody studies, very little is known about cellular immune responses against vimentin. In a recent paper [58] , the authors have implicated CD4 + T cells producing IL5 and IL17 in the development of antibodies against both cardiac myosin and vimentin in acute antibodymediated rejection (AMR) and CAV, respectively. However, the authors failed to provide any direct evidence of CD4 + T cell involvement in myosin or vimentin autoreactivity [58] . Thus, the role of CD4 + T cells in vimentin autoreactivity remains ill-defined and warrants further investigation.
Responses to Sequestered Self-Antigens: Are We Predisposed to React to Certain Self-Proteins and Why?
Recent developments in the field of lung transplant autoimmunity have provided new answers to some pertinent, unanswered questions in the field of transplantation.
The recent paper by Subramanian et al., 2014, has put forth an intriguing hypothesis. The authors used a murine model of syngeneic left lung transplantation. Animals at the time of transplantation were administered preformed antibodies to either ColV or Kα1 tubulin, alone or in combination. The authors reported both airway inflammation as well as fibrosis of only the transplanted lung at 45-days post-transplant. They demonstrated both a T cell and a B cell response against ColV and Kα1 tubulin, irrespective of whether the animal received only anti-ColV antibodies or only anti Kα1 tubulin antibodies or both. To explain this phenomenon, the authors put forth the membrane hypothesis. They hypothesized that administration of these antibodies somehow leads to the opsonization of membranes, which expressed these antigens. The subsequent engulfment of these membranes exposed the immune system to other antigens present on the membrane leading to epitope spreading between the two proteins of interest.
However, the authors demonstrated a response to both antigens at day 7 post-transplant but failed to explain the decreased time frame for this response [37••] . Similar issues were also noted in the editorial to this article [59] . Additionally, this contradicts the previous observations by the same group that alloimmunity precedes autoimmunity [26, 29] .
Based on these observations, we can postulate that ColVreactive T h 17 cells develop in the periphery from naïve T cells (Fig. 1) . Tissue injury leads to enhanced or irregular expression of proteins such as ColV or Kα1 tubulin. These proteins are then picked up by antigen-presenting cells (APCs) and exposed to T cells within the peripheral lymphoid system. Under normal conditions, such a response is beneficial to the host as it can induce tissue repair and healing through the production of IL17 and IL22 and subsequent memory T reg cell generation. However, following lung or heart transplantation, there is a prolonged exposure to antigens such as ColVor Kα1 tubulin. Due to this prolonged exposure, the T reg can no longer maintain the T eff cells, ultimately resulting in the development of autoimmunity (Fig. 1) .
However, we have recently found a possible explanation for why the opposite may be the case-that autoimmunity might actually precede alloimmunity in organ transplantation-and for why reactivity to certain self antigens may be particularly favored (e.g., ColV and Kα1 tubulin after lung transplantation) and others (ColI, ColII, and ColIV) may not be. This explanation comes from a recent work in our lab. We noted that, in the past 6 years, the role of CD39 + T reg controlling T h 17-mediated effector function in a number of autoimmune diseases including lupus, multiple sclerosis, and transplant-related pathology has emerged [38••, 60-63] . We found that normal individuals become reactive to certain selfantigens, including ColV, Kα1 tubulin, and vimentin simply by removal of CD39 + T cells in a T h 17-dependent fashion. This T h 17 response, observed after CD39 + T reg cell depletion, was not seen with ColI, cardiac myosin, prostrate acid phosphatase, or myelin basic protein (Sullivan et al. 2015 , unpublished data/manuscript in preparation). Additionally, this uncovered response to self-antigens was also observed following the removal of CD25 + T cells, inhibition of the CD39 extracellular ATPase activity, or neutralization of TGFβ or IL35 cytokine. Thus, recent data imply a strong regulatory balance between CD39 + T reg and ColV, Kα1 tubulin, and vimentin effector T h 17 cells in normal healthy individuals. This observation was confirmed in non-human primates and in CBA mice. However, it is important to note that very little response to ColV was seen in normal B6 mice splenocytes with IL10 or TGFβ neutralizations [35] (Sullivan et al. 2015 unpublished data/manuscript in preparation). This difference between the human samples and mouse data thus warrants further investigation. However, such discrepancies are also seen with responses against ColV; IL22 plays a role in ColV and ColV peptide-specific T h 17 reactivity in humans; however, IL22 Fig. 1 Hypothetical model 1 for the development of autoimmunity following lung or heart transplantation. The antigen-specific T cells are induced in the periphery. Following tissue injury, naïve T cells (yellow) emerge from the thymus and are exposed in the peripheral lymph node to sequestered self-antigens such as ColV (red), vimentin (blue), or Kα1 tubulin (green). This exposure could potentially give rise to both T eff and T reg cells in the periphery. Under these conditions, such cells help in restoring epithelial barrier integrity and help resolve the injury. However, in cases of prolonged injury, such as transplant/surgery, recurrent viral infection, or anti-HLA response, the matrix proteins break down, exposing sequestered antigens continuously. The T reg cells can then no longer maintain a balance and a full-blown immune response results had no role in responses against ColV α1 peptide p599 in the B6 mouse (Agashe et al. unpublished observations).
Thus, recent developments in the field would take this a step further and argue that every individual is predisposed to respond to certain self-antigens and that there is a very fine balance between regulation and development of autoimmunity (Fig. 2) . Thus, we all have a very small pool of self-reactive T cells, which in normal healthy individuals remain in a fine balance with CD39 + T reg cells (Fig. 2: STEP 1 and STEP 2) . The origins of these cells are topics still under investigation. Nonetheless, one could argue that such cells are actually required for maintaining homeostasis; a small injury, which may result in the release of these self-antigens, is potentially beneficial for the immune system. These cells could easily recognize these proteins and could induce a beneficial resolving response leading to tissue repair. This would also explain another key piece in autoimmunity. Why do we see such a T h 17 bias in autoimmune diseases? If indeed these self-reactive cells are present for homeostasis, then the role of IL17 and subsequent IL22 becomes very obvious. These two cytokines are important in maintaining epithelial membrane integrity.
However, a major surgical procedure, such as transplantation in which these proteins are overexposed, creates an environment more suited to the development of autoimmunity owing in part to the continued use of immunosuppressants. Evidence also exists that after transplantation it is only the transplanted lung that is affected, whereas the native remains intact [12, 37••, 47] . Thus, it is interesting to hypothesize that the IRI during the course of transplantation predisposes the patients to a disrupted extracellular matrix, fibroproliferation, + cells as well as nT regs specific for selfpeptides that emerge from the thymus with a memory phenotype (STEP 1). In this view, T cells specific for ColV (red), vimentin (blue), or Kα1 tubulin (green) are not exposed in the periphery but are selected for these particular reactivities before leaving the thymus. Preliminary data from the Burlingham lab support this possibility. T h 17 cells specific to all three SALSAAs but not to ColI were found in the human 17-week fetal thymus, cord blood, and in the peripheral blood of all healthy adults (Sullivan et al. 2015 , unpublished data/manuscript in preparation).
Under quiescent conditions, these cells do not encounter their cognate antigen and remain in homeostasis with CD39 + T reg cells in the periphery. After minor injury, they may play an important role in restoring epithelial/ endothelial barrier integrity, possibly through their production of IL22 as well as IL17 (STEP 2). However, in cases of prolonged injury such as transplant/surgery, the matrix proteins constantly break down or abnormal forms of these three proteins are made, exposing sequestered antigens such as ColV or Kα1 tubulin (STEP 3). The recipient CD39 + T reg cells can no longer maintain a balance with the nT h 17 which are both donor as well as recipient-derived, leading to a full-blown immune response against self-antigens following transplantation (STEP 4) and formation of irregular collagen fibrils, e.g., ColV α1 homotrimers. All of this ultimately results in the induction of autoimmunity following transplantation. Under these circumstances, IL17 becomes a predominant player as compared to IL22 resulting in the induction of autoimmunity (Fig. 2 : STEP 3 and STEP 4).
One last aspect to be considered is whether such a response can be classified as an autoimmune response. In order to function properly, the recipient immune system has to maintain a fine balance between the donor and recipient DR. However, in most circumstances, the recipient immune system cannot be regulated to the donor DR or to self-peptides presented by donor DR, thus possibly exposing a weakness in T reg control of immune responses against ColV, Kα1 tubulin, or vimentin.
Thus, current developments in this field argue against autoimmunity as merely a bystander in an otherwise alloimmune response. If indeed it were a mere bystander, we will not expect autoimmunity to lead to graft destruction, loss, and subsequent death of the recipient [12, 37••, 64] . Autoimmunity is indeed an important player in chronic rejection and is supported by the fact that autoimmunity by itself can lead to chronic rejection which, in turn, leads to graft loss and death [4] . This supports the hypothesis that autoimmunity plays an active role in mediating rejection, especially chronic rejection.
Autoimmunity in Organ Transplantation in the T h 1/T h 2 Era Cardiac Myosin and Hsps in Cardiac Transplantation
Prior to the discovery of IL23 and T h 17 cells, research in the field of transplantation had focused on the T h 1 and T h 2 cells as the major players in transplant immunology [65] [66] [67] . During these early studies of autoimmunity in transplantation, it was demonstrated that alloimmune response could potentially induce an autoimmune response in mice receiving allogeneic cells [68] .
Later, the same authors conclusively demonstrated the role of cardiac myosin in the rejection of cardiac transplants. Mice receiving allogeneic but not syngeneic hearts had cardiacmyosin-reactive T h 1 cells producing IFNγ and anti-myosin antibodies. However, the authors also demonstrated that active immunizations of recipient mice with cardiac myosin not only lead to a faster allogeneic graft loss but also lead to a chronic rejection and subsequent loss of syngeneic hearts. It is important to note that the native hearts in these mice showed very little signs of pathology [69] . These observations support the hypothesis that the immune response toward self-antigens is highly regulated and only a trauma (surgery or IRI) or injury (immunizations) shifts this response toward a pathologic one [69, 70] .
Additional studies emphasized the role of direct and indirect alloimmunity in the development of cardiac myosin autoimmunity following cardiac transplantation [71] . It was demonstrated that a T h 2-biased cardiac myosin response prevented the acute rejection of a graft from an Major Histocompatibility Complex (MHC) I disparate donor but failed to prevent the rejection in an MHC II major mismatch model. However, when an MHC II knockout donor graft was used, the T h 2-biased cardiac myosin response prolonged the graft survival [72] . Mice were also treated with MR1 (anti-CD40L) at the time of cardiac transplantation. Introduction of MR1 is known to prolong graft survival in a major mismatch model of cardiac transplantation but does not prevent graft loss due to chronic rejection. Thus, at the time of rejection, animals treated with MR1 demonstrated a low alloimmune response against the donor but a robust response against cardiac myosin. The graft loss was attributed to this autoimmune response. However, it is important to note that the level of response to cardiac myosin was lower as compared to untreated controls. The authors postulated the presence of two distinct populations of autoreactive T cells, one which developed from naïve cells and had a stringent dependency on CD40-CD40L co-stimulation and a second cell with a memory phenotype with lower dependency on CD40-CD40L co-stimulation [64] . This supports our hypothesis that we all have a small pool of selfreactive memory cells within our immune system. A major drawback of these studies is the fact that the authors only focused on the T h 1 and T h 2 cells. With the recent developments in the field of T h 17, T h 17/1 [73•] , and T reg cells, it will be interesting to go back and determine the role of these cells in the autoimmune response to cardiac myosin.
More recently, T and B cell responses against cardiac myosin have also been detected in CAV patients. Depletion of CD25 + FoxP3 + T reg cells from the PBMC population of myosin responders enhanced their response to cardiac myosin. However, such a strategy did not uncover any response in the myosin non-responders [74] . This phenomenon fits in quite well with our hypothesis that there are few antigens that, which for some reason, we are programmed to respond to and that remain in a tight regulation within a normal healthy individual.
Early evidence for the role of Hsps in cardiac transplantation came during the 1990s. The work by showed that Hsps from Mycobacterium tuberculosis extract induced the proliferation of lymphocytes from cardiac transplant patients undergoing rejection. This was one the early reports showing Hsp65 as a potential autoantigen in cardiac transplantation [75] . These results were further studied using a cardiac transplant model in rats, which also demonstrated Hsp reactivity [76] . Graft infiltrating and splenic lymphocytes from the recipient were cultured with Hsp65 and Hsp70, along with irradiated donor cells. The authors showed an augmentation of the alloresponse in the presence of Hsp65 and Hsp70.
Surprising recipient cells by themselves did not respond to any of the Hsps tested. This indicated that there was a donor dependency with Hsp reactivity [77] . Later, other Hsps were also found to be important in cardiac transplantation, such as Hsp60. Patients with pre-transplant anti-Hsp60 antibodies had a worse prognosis following cardiac transplantation [78] . Interestingly enough, some other Hsps have been found to have a protective effect in cardiac transplantation [79] . Thus, the role of Hsps still requires further investigation.
Conclusions
In conclusion, data exist to support the hypothesis that autoimmunity plays an important role in chronic rejection. Autoimmunity has been linked to the development of chronic rejection and subsequently graft loss in several organ transplant settings. However, the origins and mechanisms of autoimmunity after transplantation still require further investigation. Along with this, further studies are needed to determine how we can therapeutically target the response against these selfantigens, the P2X7R being one such target, with the ultimate goal being long-term graft survival without the development of chronic rejection.
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